The indications for surgery on the knee in children and adolescents share some similarity to adult practice in that there are an increasing number of sports-related injuries requiring surgical repair. In addition, there are some unique age-related conditions or congenital abnormalities that may present as indications for orthopedic intervention at the level of the knee. The efficacy and safety of peripheral nerve blocks (PNBs) for postoperative analgesia following orthopedic surgery has been well established in adults. Recent studies have also demonstrated earlier functional recovery after surgery in patients who received PNBs. In children, PNB is gaining popularity, and increasing data are emerging to demonstrate the feasibility, efficacy, and safety in this population. In this paper, we will review some of the most common indications for surgery involving the knee in children and the anatomy of knee, associated dermatomal and osteotomal innervation, and the PNBs most commonly used to produce analgesia at the level of the knee. We will review the evidence in support of regional anesthesia in children in terms of both the quality conferred to the immediate postoperative care and the role of continuous PNBs in maintaining effective analgesia following discharge. Also we will discuss some of the subtle challenges in utilizing regional anesthesia in the pediatric patient including the use of general anesthesia when performing regional anesthesia and the issue of monitoring for compartment syndrome. Finally, we will offer some thoughts about areas of practice that are in need of further investigation.
Surgical indications
When managing the child with a knee injury or abnormality, it is critical that one considers the fact that, up until around ages of 12-14 years in girls and 14-16 years in boys, the growth plate remains open. Thus, any injury or surgical repair that impacts or causes early closure of the affected growth plate can lead to complications such as leg length discrepancy. With that in mind, one can begin to break down diseases of the knee into two general categories: congenitally or developmentally acquired diseases and traumatic injuries.
In the first category, a heterogeneous group of neuromuscular diseases, including cerebral palsy and arthrogryposis, can lead to limb abnormalities and distal femur angulation that can necessitate surgical correction. [1] [2] [3] [4] Surgery can include soft tissue tendon transfers, ligamentous lengthening or shortening, as well as more significant boney work that can include distal femoral osteotomy. This is often a medically fragile population with the potential for developmental delay and respiratory insufficiency. Use of regional anesthesia should be considered in this population either as a single 
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Muhly et al injection for soft tissue work or continuous peripheral nerve block (CPNB) for significant osteotomies 5 in an attempt to minimize opioid-related complications.
Abnormalities of the growth plate can present as either congenital or acquired valgus or varus deformities. Acquired varus deformities or Blount disease are commonly associated with obesity. 6 The stress placed on medial compartment of the knee can lead to long-term mechanical damage and the potential for early onset joint dysfunction. Increasingly, these patients are initially managed with hemiepiphysiodesis techniques at the level of knee. [7] [8] [9] Epiphysiodesis involves placement of implants including staples, transphyseal screws, or small plates across the faster growing physis to allow for temporary arrest of growth in attempt to restore normal joint angulation. These are typically same day surgeries and patients can benefit from single-injection femoral nerve blocks to limit opioid consumption and improve discharge readiness. Patients who fail to respond to conservative surgical interventions related to Blount disease may require tibial/fibular osteotomy for definitive correction. In these cases, a sciatic CPNB with or without a femoral CPNB may be of benefit. 10 In the realm of sports medicine, a number of knee injuries and abnormalities in the chondral surface may require surgical intervention. 11 Anterior cruciate ligament (ACL) injuries can present as primary ligamentous tears or less commonly avulsions secondary to tibial eminence fractures, and surgical repair is mandated to restore joint stability. Patellar dislocations, with associated medial patellofemoral ligament (MPFL) injury, that fail to heal with nonoperative treatment, may benefit from MPFL reconstruction. Finally, osteochondritis dissecans of the knee is an acquired, idiopathic, and potentially reversible disease of the subchondral bone that can lead to delamination and separation. 11 Surgical treatment can range from simple arthroscopic drilling and removal of the lesion to open arthrotomy with chondral transplant for larger or unstable lesions. Depending on the magnitude of the surgery, single-injection femoral with or without sciatic block may be sufficient, while other larger surgeries including ACL and MPFL reconstruction or open arthrotomy for management of complex osteochondritis dissecans lesions may be better managed with femoral CPNB.
Innervation of the knee and associated nerve blocks Anatomy and innervation
A fundamental knowledge of the anatomical structure of the knee and associated neural innervation is critical to understand the utility and limitations of specific nerve blocks in managing postsurgical pain. Innervation of the knee comes from nerves arising from the lumbar plexus and the sciatic nerve.
The lumbar plexus lies within the substance of the psoas major muscle, anterior to the transverse processes of the lumbar vertebrae. It is formed by the first three, and a most of the fourth, lumbar ventral rami. The lumbar plexus lies between the anterior and the posterior masses of the psoas major in line with the intervertebral foramina. The branches of the plexus include the iliohypogastric, ilioinguinal, genitofemoral, lateral femoral cutaneous (LFC), femoral, and obturator nerves. 12 The femoral nerve descends through the psoas major and emerges at its lateral border. At the level of the inguinal ligament, it lies between the psoas major and iliacus muscle deep to the iliac fascia. Posterior to the inguinal ligament, the femoral nerve is lateral to the femoral artery and is separated from it by a part of the psoas major muscle. As the nerve passes into the thigh, it divides into an anterior and a posterior division and quickly arborizes. 13 The obturator nerve forms within the substance of the psoas major from the anterior divisions of the second, third, and fourth lumbar nerves. It pierces the medial border of the psoas to reach the obturator foramen. 14 The divergence of the femoral nerve from the obturator nerve begins as they emerge from the psoas major. At the level of the inguinal ligament, the obturator nerve is separated from the femoral nerve by several fascial compartments.
The LFC nerve is formed by the union of the posterior divisions of the anterior primary rami of L2 and L3. The LFC nerve perforates the inguinal ligament ∼1 cm from the anterior superior iliac spine and enters the thigh. 15 This is a purely sensory nerve.
The sciatic nerve is formed of two components, tibial and common peroneal nerves. The tibial component is formed by the union of L4-L5 and the anterior divisions of the sacral plexus (S1-S3), whereas the common peroneal component is formed by the union of the posterior divisions of the same nerve roots (L4-S3). The sciatic nerve exits the pelvis via the greater sciatic notch. At this level, the sciatic nerve lies lateral and posterior to the ischial spine. In the thigh, the nerve is posterior to the lesser trochanter of the femur on the posterior surface of the adductor magnus and deep to the biceps femoris. 16 In the upper part of the popliteal fossa, the sciatic nerve lies posterolateral to the popliteal vessels. The sciatic nerve divides into the two components in the popliteal fossa. 17 The tibial branch continues along the tibialis posterior muscle with the posterior tibial vessels. 
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The common peroneal nerve diverges laterally in the popliteal fossa and lies subcutaneously just behind the fibular head where it is prone to injury. The common peroneal then divides into superficial and deep peroneal nerves.
The femoral nerve innervates the dermatomes over the anterior thigh and knee, while the LFC nerve innervates the skin over the lateral aspects of the thigh and the knee. The posterior cutaneous nerve of the thigh, which is a branch of the sciatic nerve, innervates the skin over the posterior aspect of the knee. The femoral nerve innervates the majority of the femur bone. In a small percentage of individuals, the obturator nerve innervates the medial portion of the femur close to the knee joint. The knee joint is innervated by two distinct groups of afferent nerves. The anterior group of afferent nerves includes the articular branches of the femoral, common peroneal, and saphenous nerves. The posterior group includes the posterior articular branch of the tibial nerve and sometimes a branch from the obturator nerves.
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Block techniques Femoral nerve block
Indications: This block is used for perioperative analgesia for femur fractures, surgery on the anterior thigh, arthroscopy of the knee, ACL reconstruction, and total knee arthroplasty (TKA) as part of a multimodal regimen.
Contraindications: Patient refusal is an absolute contraindication to the placement of PNB. Other contraindications are infection at the site of needle placement, allergy to local anesthetic, preexisting peripheral neuropathy, and severe neurologic injury, which precludes postoperative assessment for complications.
Landmarks: The femoral nerve block is performed ∼1 cm below the inguinal ligament in the thigh. The nerve is lateral and posterior to the femoral artery. 19 Ultrasound technique: The femoral nerve divides into an anterior and a posterior division in the groin region. For knee procedures, the posterior division is important to block. This is identified by stimulation of the quadriceps muscle using the nerve stimulator. With the patient in the supine position, the needle entry is at a point 1 cm below the inguinal ligament and 1 cm lateral to the femoral artery. The needle is placed with the nerve stimulator set at 1 mA to identify the femoral nerve. The needle position is adjusted to achieve stimulation around 0.5 mA prior to injection of the local anesthetic.
Dose of local anesthetic: 1 mL/kg of 0.125% bupivacaine or 0.2% ropivacaine up to a maximum of 30 mL.
Complications: Injury to the adjoining structures, notably the femoral vessels. Infection of the injection site and peripheral neuropathy are also complications of the femoral nerve block.
Adductor canal block
Indications: This block is used for perioperative analgesia for surgery on the distal anterior thigh, arthroscopy of the knee, and TKA as part of a multimodal regimen. 20 Contraindications: Contraindications are similar to that for a femoral nerve block.
Landmarks: The saphenous branch of the femoral nerve is identified using ultrasound guidance on the medial part of the mid-thigh at the midpoint between the inguinal crease and the patella.
Ultrasound technique: The saphenous branch of the femoral nerve is identified on the medical aspect of the mid-thigh. Using a short axis (transverse view), the femoral artery is identified under the sartorius muscle. The saphenous vein lies inferior to the artery in the adductor canal and the nerve is visualized as a hyperechoic structure anterior or lateral to the femoral artery.
Dose of local anesthetic: 1 mL/kg of 0.125% bupivacaine or 0.2% ropivacaine up to a maximum of 30 mL can be used for this block. Larger volumes may be associated with an increased risk for a motor block in the distribution of the femoral nerve.
Complications: Injury to the adjoining structures, notably the femoral vessels. The risk of a motor block of the adductor and quadriceps muscle is lower than that of a femoral nerve block but still exists.
Sciatic nerve block
The sciatic nerve block can be placed at either the subgluteal or a mid-thigh location for knee procedures depending on the type of procedure.
Sciatic nerve block (subgluteal approach)
Indications: Subgluteal sciatic nerve block is indicated for knee surgery, which also involves the posterior thigh (eg, hamstring autograft for ACL repair).
Contraindications: Contraindications are similar to that for a femoral nerve block.
Landmarks: Anatomical landmarks include the greater trochanter, posterior superior iliac spine, ischial tuberosity, and the sacral hiatus. 
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Muhly et al between the biceps femoris and the semitendinosus muscles can be palpated. The stimulating needle is introduced at an angle of 80° to the skin with stimulation at 1.5 mA, 2 Hz, and 0.1 ms. Once the sciatic nerve is located, the needle position is adjusted to achieve stimulation around 0.5 mA prior to injection of the local anesthetic.
Ultrasound guided technique: The sciatic nerve can be clearly identified in the above-mentioned approaches using a high-resolution ultrasound probe, and the anesthetic can be injected under direct ultrasound guidance. 21 Dose of local anesthetic: 0.5 mL/kg of 0.125% bupivacaine or 0.15% ropivacaine up to a maximum of 20 mL can be used.
Sciatic nerve block (mid-thigh approach)
Indications: This sciatic nerve block is indicated for knee procedures not involving a tendon harvest from the hamstrings.
Landmarks: Posterior approach: Lateral border of the biceps femoris and medial border of the semi-membranous and semitendinosus tendons.
Lateral approach: The groove between the biceps femoris and the vastus lateralis on the lateral aspect of the thigh.
Technique: For the posterior approach, the patient is positioned prone. The entry point for the needle is high in the popliteal fossa between the semi-membranous and biceps femoris tendons and medial to the biceps femoris tendon. The needle is introduced perpendicular to the skin and gradually advanced until the sciatic nerve is stimulated. This is identified by a motor response in either branches of the sciatic nerve, that is, common peroneal nerve (identified by dorsiflexion or eversion of the foot) or posterior tibial nerve (identified by plantar flexion and inversion); the needle is positioned to reduce the stimulating current to ∼0.5 mA prior to the local anesthetic administration.
For the lateral approach, the patient is placed in the supine position and the leg elevated so the foot can move freely. The entry point for the needle is in the groove between the vastus lateralis and the biceps femoris muscles ∼10 cm cephalad to the lateral femoral condyle. The needle is directed at a 30° angle posterior to the horizontal plane until motor response seen in the distribution of the sciatic nerve is stimulated. The needle is positioned to reduce the stimulating current to ∼0.5 mA prior to injection of the local anesthetic.
Dose of local anesthetic: 0.5 mL/kg of 0.125% bupivacaine or 0.15% ropivacaine up to a maximum of 20 mL can be used.
Continuous peripheral nerve infusion Local anesthetics and additives
Ropivacaine and bupivacaine are the most commonly used local anesthetics for PNB in children. Ropivacaine by virtue of its slightly better safety profile is increasingly replacing bupivacaine as the local anesthetic of choice for PNB. 22, 23 We now exclusively use ropivacaine for PNB in our practice. As opposed to practice in adult patients, lower concentrations of local anesthetics suffice in children (0.1%-0.2%), as almost all procedures are done under general anesthesia. Use of lower concentrations of local anesthetics provides adequate sensory block for postoperative analgesia and lowers the incidence of motor blockade. In addition, it also decreases the total dose administered and consequently the potential for local anesthetic toxicity.
Several different additives to local anesthetics have been tried to increase the duration and the quality of analgesia. Addition of clonidine has been shown to increase the duration of PNB in children. 24 
Postoperative monitoring
Detailed instructions should be provided to all patients who are discharged home after a PNB that has not completely resolved. Instructions should include protection of the insensate extremity and avoidance of independent ambulation with or without the use of support (crutches, walker) until complete return of motor function. All patients should be provided with an expected duration for which their PNB will last, along with instructions for management of pain when the nerve block wears off. Instructions should also be provided for potential side effects (neurological signs or discharge/ redness at the site of the nerve block/catheter). Parents should be instructed to clamp the continuous infusion catheter for any change in neurologic status and that they should call a clinician from the anesthesia department/pain management service to discuss their child's symptoms. 25 
Evidence and outcomes
PNBs for pediatric knee surgery are emerging as a safe and effective technique for postoperative pain management. Several studies in children have demonstrated the safety, feasibility, and efficacy of PNB. [26] [27] [28] [29] [30] [31] [32] [33] [34] The advantages of PNBs include efficient, site-specific analgesia, a decrease in the need for opioids, and consequently a decrease in opioidrelated side effects. The most common PNB performed in children are single-injection blocks. 34, 35 CPNBs are performed in cases where significant analgesia is required for periods 
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Regional anesthesia for pediatric knee surgery exceeding 12-24 hours. However, additional expertise is required to perform PNB and CPNB. In addition, if one is contemplating an ambulatory CPNB program, good patient and family education along with close follow-up are vital to ensure success and safety. 29 Despite the growing evidence in support of regional anesthesia in children, there is a paucity of conclusive evidence demonstrating improved outcome compared to standard therapy. 36 Several series have been published in pediatric populations that demonstrate clinical benefit with the use of CPNB in patients undergoing surgery on the knee. 5, 27, 37, 38 However, level-one evidence, in the form of randomized control trials, is noticeably absent in the pediatric literature. Looking at the adult literature, we find a number of studies that can inform our understanding of pain management following knee surgery, but much of the adult literature has focused on TKA. 39 Because TKA is relatively uncommon in pediatric populations, we will highlight data that support the use of regional anesthesia for ACL reconstruction, as this is a growing orthopedic issue in pediatric patients. 11 Single-injection femoral nerve blocks have been shown to be effective compared to placebo in adult patients undergoing ACL reconstruction. [40] [41] [42] Williams et al randomized patients undergoing ACL reconstruction to placebo bolus with sham catheter, levobupivacaine bolus with sham catheter, and levobupivacaine bolus with levobupivacaine infusion. The authors found that the femoral CPNB reliably kept pain scores lower than the moderate-tosevere pain threshold for the first 4 days after surgery. 43 Increasingly, there have been concerns about the motor blockade associated with femoral nerve blockade in the TKA 44 population, and, as a result, the ACL population gave the increased fall risk in this primarily ambulatory population. Some authors have found good pain control with infrapatellar nerve blockade as part of a multimodal perioperative analgesia approach, 45 while other evidence suggests that saphenous block may be sufficient in ACL reconstruction with patellar graft. 46 However, the causality between falls and muscle weakness during or following a nerve block in the setting of major knee surgery remains an area of debate. There is little evidence to suggest that regional anesthesia has an impact on functionality following ACL beyond the early postoperative period. A recent study of patients managed with femoral CPNB for 24 hours following TKA found that patients with postoperative femoral CPNB had improved range of motion at 1 month compared to patients managed with oral analgesics. 47 Conversely, a recent retrospective study found that children and adolescents undergoing ACL reconstruction had persistent strength deficits and a delay in return to sports at 6 months in patients who were managed with a femoral nerve block compared to those who did not. 48 
Controversies and future directions Regional under general anesthesia
With the publication of a case report describing permanent neurological injury following epidural catheter placement 49 in the anesthetized patient, there were general advisories made against performing regional anesthesia in the setting of a general anesthetic despite the protests of pediatric anesthesiologists. 50 Similar controversy developed in a case of permanent loss of cervical spinal cord function following performance of an interscalene block 51 under general anesthesia. In the intervening years, more data have been presented demonstrating the safety of both neuraxial anesthesia and PNBs 30, 34, 52, 53 in children. The Pediatric Regional Anesthesia Network looked specifically at the question of asleep versus awake or sedated patients and regional anesthesia in .50,000 cases and found no difference in block-related neurological complications. 54 Additionally, several reports have been published on the safety of interscalene blocks in children under general anesthesia 55, 56 without any major neurological complications or severe adverse events. Ultimately, safety is challenging to prove, but it may be that, with advent of better regional anesthesia training and the use of ultrasound for continuous visualization of the needle, regional anesthesia in the asleep patient should be considered an acceptable practice.
PNBs and compartment syndrome
Compartment syndrome is a rare and potentially devastating complication. Historically, there has been debate about using regional anesthesia in situations where compartment syndrome is a concern. Despite these concerns, there have been several compelling case reports of continuous lower extremity PNBs that present as increasing pain despite the presence of functioning nerve block. [57] [58] [59] Although this evidence is not definitive, it seems that the ischemic pain, which is characteristic of acute compartment syndrome, is not completely ablated in the setting of peripheral nerve blockade. The ischemic pain signal may be transmitted via sympathetic pathways associated with the vasculature. 57, 60 Despite this theoretical evidence that regional anesthesia may not actually mask or delay the diagnosis of an evolving compartment syndrome, a high level of vigilance on the part of the surgical and anesthesia team is required to ensure that patients with PNBs have an appropriate level of postoperative monitoring to allow for early detection of this rare complication. 
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Future directions
Much progress has been made in the expansion of regional anesthesia in the care of children and adolescents. When considering regional anesthesia for knee surgery, we have evidenced that it can be done safely and effectively but the evidence demonstrating improved overall outcomes is limited. We may be beyond the point of comparing regional anesthesia to opioid-based techniques, but important questions about the value of catheters compared to singleinjection blocks or the role of adjunctive agents in pediatric regional anesthesia are areas of potential investigation. Finally, it seems that investigations that extend beyond the perioperative period and 1st week following surgery are needed as we attempt to generate evidence supporting the use of regional anesthesia as an anesthetic adjunct in the management of pediatric knee surgery. While better early pain control is a very important goal, we must be sure that early or potentially late effects of regional anesthesia on muscle strength do not adversely impact patient outcomes.
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